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PBF system design
The open-architecture PBF system is shown in Figures 1 and 2 . It comprises a powder reservoir and spreader block that are moved as a single unit by a stepper motor and lead screw. The powder is gravity-fed and deposited in the build area as the spreader block moves linearly in one direction; the excess powder is removed as the spreader block returns. The build plates are 80 × 40 mm 2 coupons that are bolted to a rectangular support assembly that is rigidly connected to the vertical stage (z-axis). A circular hole in the support assembly leaves clear passage for the x-rays to pass from below the powder bed and will be discussed in more detail in the next paragraph. Powder layers of the desired thickness are produced by lowering the support assembly with the vertical stage (Standa 8MVT40-13-1, ~10 nm resolution). The rectangular support assembly moves as a 'piston' within the surface plate: a Teflon O-ring around the edge of the rectangular support prevents powder falling through the gap with the surface plate.
As noted above, the STFC Vulcan x-ray beam emerges horizontally into the test room with a total included angle of 40°: the desired x-ray beam diameter and direction are selected from within that cone with lead bricks. Two x-ray imaging directions are accommodated in the current design. The length of the slot in the spreader block can be set to <1 mm in the y-direction so that a thin line of powder is deposited in the x-direction. In this case, the PBF system is positioned so that the central region of the x-ray cone passes horizontally through the test region, as shown in Figure 1(b) . However, a thin powder stripe is not representative of the heat flow away from the melt pool in the standard process, especially for multiple layer depositions. Hence a second mode of operation is enabled by the circular hole in the support assembly. In this case, the PBF system is raised so that the upper portion of the diverging cone of x-rays passes through the hole in the support assembly. X-rays making an angle of between 12 and 57 degrees to the powder bed pass directly through the build coupon and powder layer, as shown in Figure 1 (b). X-rays outwith this range of angles are absorbed by the support assembly. This observation direction enables a powder layer of full width to be spread and the vertical 'edges' of the powder at the front and one side of the melt-pool to be imaged. For both imaging directions, the detector is placed ~1.5 m behind the PBF system to yield a spatial resolution in the image of approximately 1 μm.
The powder in each layer is melted with light from a single mode fibre laser (SPI 400 W continuous wave, 1070 nm) which is scanned over the powder surface (Raylase MS-II-14 scanner with 163 mm focal length ftheta lens). A PC remotely controls the vertical movement of the support assembly, the movement of the powder spreader and the laser illumination and scanning. The build area on the coupon is approximately 30 × 30 mm 2 . The maximum build depth is approximately 10 mm for the motion limit of the vertical stage. After processing, the metal coupons are removed for analysis. The PBF system is enclosed in a detachable shielding gas chamber made of clear 5 mm thick Perspex sheet, of size 350 × 230 × 220 mm 3 ( Figure 2 ). The shielding gas chamber is sealed to a baseplate using a Perspex flange and a silicon gasket (diameter 4 mm) that fits into a groove that runs completely around the baseplate. The chamber has inlet and exhaust ports for filling the shielding gas and providing a gas flow across the powder bed during builds. For a shielding gas that is heavier than air, the chamber is filled from a port close to the baseplate and the lighter air is exhausted from the port in the top surface of the chamber. When using a shielding gas that is lighter than air, the ports are reversed so that the lighter shielding gas enters at the top and expels the denser air from the bottom port. Once the oxygen concentration is reduced to <0.5% (measured using a Grove O2 gas sensor) the shielding gas inlet is switched by an external valve to a second inlet port that is midway up the side of the shielding gas chamber to provide a constant flow across the powder bed during the build. A removable flow straightener (not shown) can be connected to the inlet port and mounted adjacent to the powder bed if required. The exhaust gas runs through a water bath to remove potentially harmful nanoparticles produced by the process. The laser beam passes through an anti-reflection coated UV-grade fused silica window in the top surface of the shielding gas chamber.
The key requirement of the spreading system is that it produces an accurate and repeatable powder layer thickness, and does not create excessive shear forces on previously deposited layers. Figure 3 shows a crosssection of the spreading system at its midpoint. It comprises two main components: the carriage is supported on the rails and is driven backwards and forwards across the build coupon by the stepper motor and lead screw; and the spreader block that is connected to the carriage by fine pitch screws. The spreader block contains a Vshaped reservoir from which the powder is fed by gravity to sit between the two cylindrical spreaders. Clearly moving the whole reservoir is slower than spreading the powder with a separate wiper arm but an additional mechanism to deliver a metered dose of powder is avoided. Hence, gravity feed was chosen for simplicity and because build speed is not the primary concern for investigations into the process that involve single tracks and small build volumes. The design incorporates a piezoelectric shaker attached to the spreader block that can agitate the powder during spreading, but it has not been used in practice to date.
To deposit a layer, the carriage and spreader block move across the build plate in the forward spreading direction from the start position indicated in Figure 3(b) , and then return to the start position. The 'rear' spreader with respect to the forward spreading direction, on the left in Figure 3(b) , is 100 μm higher than the 'front' spreader. Hence the forward pass of the spreader block leaves an excess depth of 100 μm of powder that is scraped off by the front spreader as it returns to the start position. The depth of each powder layer is determined by the height of the front spreader above the surface plate, the amount the z stage moves down between layers plus the consolidation of the powder from the previous layer. The height of the front spreader is set by adjusting the height of the spreader block below the carriage with the fine pitch screws (0.5 µm per degree rotation): feeler gauges are inserted between the front spreader and the build plate to determine the height. We have tested tungsten carbide spreaders in the form of knife edges and cylinders. In both cases the spreader motion was jammed by the build-up of particles between the rigid spreader and the build plate. Therefore, we currently use silicon cord of diameter 3 mm.
The vertical movement of the platform, the movement of the powder spreader and the laser illumination and scanning are controlled remotely by PC. LabVIEW code takes as input the PBF process requirements such as number of layers and layer thickness and controls all aspects of depositing each powder layer. To start a build, the shield gas valves are activated remotely to fill the shielding chamber: when the O2 sensor reports the desired concentration the shield gas is switched to flow across the build area. The code then drives the zstage controller to lower by the amount required for a given powder layer depth. The motion of the powder spreader system is initiated: an Arduino Uno drives the lead screw forwards and then backwards until microswitches attached to the extreme positions on the guide rail are activated. With a powder layer deposited, LabVIEW passes control to a SCAPS USC-2 card and SAMlight laser marking software which control the laser power and scanning unit. Hence the system has complete flexibility for laser power and speed, and scan geometry including hatching.
Results
Whilst the design of the PBF system was originally determined by the requirements for x-ray access, portability and remote operation, the resulting open architecture design enables access for other in-situ measurements for fundamental process studies and for the development of process control. In this section, we validate that the PBF system produces single tracks and volume builds of acceptable quality to demonstrate that the process is representative for such measurements. For these experiments, we used gas-atomized stainless steel 316L powder (Renishaw PLC) with particle diameters in the range 15 to 45 µm and a mean diameter of 30 µm [18] . SS316L was chosen to validate the performance of the system because it has comparable properties to titanium but is significantly easier to handle. The 80 × 40 mm 2 build plates (coupons) were made from 2 mm stainless steel (304L). For all the experiments reported, light from the laser was focussed to a spot with a Gaussian beam profile and 4Dσ diameter of 50 μm in both the x-and y-directions, measured with an Ophir Spiricon SP928 beam profiling camera. Figure 4 shows single tracks produced at different laser scanning speeds and two laser powers. A single powder layer of thickness 50 µm was spread directly on to the build coupon surface, where the thickness was set with the feeler gauge between the 'front' spreader and the build plate. Thinner tracks are produced as the laser power is decreased or the laser scan speed is increased. The thin tracks at the highest scan speeds demonstrate balling due to Plateau-Rayleigh instabilities in the molten metal and reduced penetration into the substrate. Conversely, the wider tracks at the lowest scan speeds are irregular and broken, with obvious spatter, due to the decreased viscosity at higher temperatures and instabilities in the melt-pool produced by the Marangoni flow. The tracks are continuous and straight for scan speeds from 100 to 400 mm/s at 50 W and 200 to 600 mm/s at 100 W.
For volume builds, the spreader height above the build plate was again set to 50 µm and the downwards motion of the z-stage between successive layers was set to 40 µm. For a laser power and scan speed of 50 W and 120 mm/s respectively, layers were built by scanning adjacent parallel tracks. The adjacent tracks in each layer were scanned in alternating directions. Between layers, the scan direction was rotated by 90°, i.e. parallel to the x-axis for odd layers and parallel to the y axis for even layers. Figure 5 (a) shows a staircase object built in this way. Figure 5 (b) shows a profile measurement for the staircase of the mean height across the step in the x-direction that was measured at each y-value when the staircase had been removed from the powder bed. The well-known edge effect [19] , in which the first scanned line in a layer has a larger height than adjacent scans, is clearly seen in the odd-numbered layers where the scan in the x-direction is parallel to the edge of the step. The mean height of each step was calculated from the profile in Figure 5 (b) and is plotted in the figure as a dotted line. The powder layer thickness, and consequently the melted layer thickness, develop during the first few layers of a build until the steady state for the process is achieved. Figure 5(c) shows the evolution of the melted layer thickness that was calculated as the difference between the mean height of consecutive layers from the measurements in Figure 5(b) .
The evolution of the powder layer and melted layer thicknesses for the first three layers is shown schematically in Figure 6 . Each layer in the figure shows the spread powder thickness prior to melting it. For layer 1, the powder layer thickness, tp1, corresponds to the height of the spreader above the build plate, tsp. In our system, the spreader was adjusted to be 50 μm above the surface plate with a feeler gauge, and the surface plate and built plate (coupon) surfaces were adjusted to the same height, giving tp1 = tsp = 50 μm. For layer 2, the build plate surface moves down by zl and the powder layer thickness now corresponds to the height of the spreader above the build plate, tsp, plus the difference between the zl and the thickness of the first melted (consolidated) layer, tm1. Similarly for layer 3, the build plate surface has moved down an additional step of zl and the powder layer thickness changes by zl-tm2, where tm2 is the thickness of the second melted layer. In this way, it is straightforward to show that the powder layer thickness for layer n for n≥2 is given by the geometric series: The measured melted thickness for each layer in the staircase object in Figure 5 (b) enables the thickness of the subsequent powder layer spread over it to be calculated from the known spreader height above the build plate tsp = 50 μm and the build step increment of zl = 40 μm. The powder layer thickness calculated for each layer is shown in Figure 5 (c). The consolidation ratio for each layer can then be calculated, and its mean value was approximately 0.3. For volume builds, an acceptable distance between parallel adjacent tracks in each layer, the scan spacing s, was determined by experiment. For laser power and scan speed of 50 W and 120 mm/s, specimens were produced with scan spacing reduced from 110 μm to 50 μm in steps of 20 µm. These scan spacing values corresponded to scan spacing factors s/2d of between 1.1 at 110 µm to 0.5 at 50 µm, where d is the laser spot diameter. The surface quality of each specimen was inspected under an optical microscope, Figure 7 , and the surface profile was measured orthogonal to the adjacent tracks, Figure 8 . For a scan spacing factor of 1.1 the tracks are clearly separated and no overlapping is observed. The surface flatness only increases marginally in passing from a scan spacing factor of 0.7 to 0.5 with an approximate 20% increase in processing time. Three cubes of size 5 × 5 × 5 mm 3 were manufactured on a single coupon with scan spacing factors of 1.1, 0.9 and 0.7 and with the same laser parameters, Figure 9 . The build time of the components was around 1.5 hours, which is dominated by the scan speed of the powder spreader which was ~10 mm/s. Three such coupons were produced, making a total of 9 cubes, i.e. three cubes at each scan spacing factor. The cubes were separated from the build coupon using a low speed diamond cutter. The density of each of the nine cubes was measured by applying Archimedes' immersion method following the procedure described in [20] We used a KERN analytical balance (AJS/ACS, resolution ±0.1 mg) with a density measurement attachment for solid materials (ABT-A01) and deionised water as the immersion fluid. The density is expressed as a percentage of the density of bulk stainless steel 316L (7.9 g/cm 3 ). Air buoyancy was included in the calculation [21] which typically reduces the density by approximately 0.1% compared to the non-corrected value. A density exceeding 99% was achieved for a scan spacing ratio of 0.3, Figure 10 (a).
One cube for each scan spacing ratio was sectioned, embedded in epoxy resin and polished using diamond suspension paste. Optical micrographs at ×5 magnification were recorded from the centre of the cubes, Figure  9(b)-(d) . At the largest scan spacing factor of 1.1, the pores are uniformly distributed in a regular pattern due to insufficient overlapping of the individual single tracks resulting in a low density. The micrographs show the increase in density with decreasing scan spacing factor. At 0.9 scan spacing factor the overlap of adjacent tracks is close to a threshold where any necking (thinning) of a track results in porosity. At 0.7 scan spacing factor, the track overlap was sufficient to accommodate any track necking without loss of track overlap. These images were analysed in ImageJ to measure the area of pores, and the values expressed as a percentage are plotted in Figure 10(b) . Again, a density >99% was measured for a scan spacing factor of 0.7. Both Figures  10(a) and (b) indicate that a further increasing in the scan spacing factor might improve the density still further if required, but obviously at the expense of an increased processing time and residual stresses (due to increased heat input per unit volume of powder). We have found that the density measured by immersion produces a systematically lower result than by imaging and that this is consistent with other studies using optical and SEM imaging, Figure 10(c) . In general, the Archimedes method gives the fastest measurement although obviously no information is obtained regarding the distribution of defects. Figure 11 shows four complex shapes built with the system. The CAD model was prepared using Creo 2.0, sliced using the open source software Slice3r and each sliced geometry processed on the PBF system using the SCAPS scan software. Processing parameters were chosen based on the previous experiments: power 50 W, scanning speed 120 mm/s, scan spacing factor 0.7 and a stable powder layer thickness of 130 µm. The built components were inspected visually and found to be of good quality with almost no outside defects. The depth of the components was 5 mm or approximately 125 layers. The dimensional accuracy, in particular heights, widths and diameters, were checked with a CMM and were accurate to within ±0.1 mm. The surface finish was measured with the Alicona profilometer: the top surface finish <20 µm Rz and side surface finish <25 µm Rz.
The open architecture of the system has enabled high-speed image sequences of the PBF process to be recorded with possibly the highest quality to date, for single track, area and multilayer builds. Schlieren imaging of the laser plume and inert atmosphere above the powder bed has also been undertaken, we believe for the first time. Still images from the video sequences are shown in Figure 12 . The results from these experiments, and the understanding of process fundamentals provided by them, are being prepared for publication. The x-ray source at STFC is set up for approximately two weeks each summer for imaging applications. Experiments were scheduled in the summers of 2015 and 2016 but unfortunately issues with the x-ray source meant that on both occasions no imaging with the PBF system could be attempted. We plan experiments at STFC in the future, but the limited availability of the x-ray source during the year makes obtaining results somewhat difficult. We are currently investigating access to x-ray and synchrotron sources at other facilities where the flexible design of the PBF system should enable it to be used with minimum modifications.
Conclusion
A compact and automated system for powder bed fusion additive manufacture has been reported. Its design was determined by the requirements for x-ray access, portability and remote operation. In particular, the system can accommodate both horizontal viewing through a very thin powder bed, and oblique imaging at 12 to 57° from the horizontal from below the powder bed through a full-width powder bed for more representative heat conduction. In both cases, single track, area and multiple layer builds can be implemented automatically. The system was characterized and it was demonstrated that parts with >99% density are produced by the system. The design is simple and very few components require precision machining, making it an approach that is accessible to most research groups. Furthermore, its open-architecture design enables access to the build area for a range of other in-situ measurement techniques: we are currently using the system for high-speed imaging, shield gas flow and temperature measurements. It is also being used to test new laser sources and for testing new materials because only small volumes of powder are required. Figure 6 : Schematic of the powder layer thickness evolution for the first three layers. tsp is the distance between the spreader and the surface plate and zl is the z motion of the build plate for each layer. tpn and tmn are the powder and melted layer thicknesses, respectively, for layer n. showing the interaction of the laser plume with the shielding gas flow across the powder bed. In both cases the laser is scanning across the powder bed towards the camera.
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